A model describing the 4.1σ W jj anomaly observed by the CDF experiment at the Tevatron collider is introduced. It features new scalar particles which are charged both under the SU (3) C and the SU (2) L gauge groups and which couple to pairs of quarks. We introduce several identical replicas of the scalar multiplets in order to leave an unbroken U (3) Q ×U (3) U ×U (3) D flavor symmetry to satisfy the constraints coming from flavor physics. We discuss the LHC reach on the new scalar resonances both in the resonant production channel (with the W jj final state) and in the QCD pair production channel (with the 4j final state).
Introduction
The CDF collaboration presented the analysis of the invariant mass distribution of jet pairs produced in association with a (leptonically decaying) W boson in a sample corresponding to a total integrated luminosity of 4.3 fb −1 [1] 1 . The study displays an excess of events in the 120 − 160 GeV range. The significance of the excess, which at the moment does not find any conventional explanation within the Standard Model (SM), was determined to be at the level of 3.2 standard deviations 2 . A recent increase in the integrated luminosity [3] used in the analysis has strengthened the significance of the anomaly to 4.1σ. A similar analysis carried out by the DØ collaboration does not confirm the CDF result [4] . Waiting for the LHC to confirm or disprove this anomaly, it is interesting to explore the consistency and plausibility of explanations involving physics Beyond the SM (BSM). Various attempts to explain the anomaly in terms of BSM physics are already present in the literature: Z models [5, 6, 7, 8] , models with new scalar fields coupled to quarks [9, 10, 11, 12, 13] , two Higgs doublet models [14] and other quirky explanations [15] . Our attempt fits in the di-quarks category. We are going to introduce colored scalar fields Φ charged under SU (2) L , coupled to quark pairs schematically as g Q Φ · quark · quark.
(1.1)
In the absence of Electro-Weak Symmetry Breaking (EWSB) the scalars are resonantly produced and they promptly decay into pairs of jets. Decay channels containing W bosons, necessary to explain the anomaly, appear if a mass splitting within an SU (2) L mutiplet or mixing among states with different SU (2) L quantum numbers are present after EWSB.
This article is organized as follows. In Section 2 we introduce our model. We motivate the choice of the matter content and coupling structure discussing, in a qualitative way, the bounds coming from Electro-Weak (EW) and flavor physics. In Section 3 we enter a detailed discussion of the bounds on the couplings and masses of the new particles. We compare the parameter space allowed by existing physics with the one where the CDF excess is explained. In Section 4 we present the prospects of LHC to re-discover the signal and we briefly discuss other promising signatures. We conclude in Section 5.
The model
Our strategy to reproduce the CDF signal is explained in Fig. 1 . We will introduce a scalar multiplet resonantly produced through its coupling to quarks and decaying into a lighter state through a charged current interaction. The focus on resonant production is to allow for a smaller Yukawa coupling to quarks.
The set of possible di-quarks resonances is readily obtained. We start listing the usual SM particles quantum numbers in Tab. 1. We then look at the irreducible representations of the gauge and global SM symmetry groups appearing in the Lorentz invariant product of two quark fields. Such reduction is shown in Tab. 2. We restrict the table to three out of the six possible combinations since these are the only one which contain non-singlet SU (2) L representations. Without loss of generality we take the new scalar multiplets to belong to the conjugate representations of those appearing in Tab. 2.
Without making any assumption on the flavor structure of the model, the Yukawa interactions in Eq. (1.1) would be strongly constrained by the bounds on flavor violating observables. A recent discussion about these constraints in model with di-quarks can be found in Ref. [16] .
To easily avoid such bounds we demand the new scalars to respect some flavor symmetry that we can use to implement Minimal Flavor Violation (MFV) [17] . The simplest choice is to enforce the full
If we require the di-quarks to fill complete representations of this flavor group we are left with the 6 possibilities shown in Tab. 2.
Notice that the QQ di-quarks allows for two possibilities, one of which is totally symmetric in EW, color and flavor indices and the other one that is antisymmetric in flavor and color indices. We choose the smallest one, i.e. the antisymmetric. The last crucial ingredient in the model is the introduction of a splitting among the different electric charge components of the scalar multiplets. The simplest way to achieve this is to introduce a direct coupling with the Higgs doublet [18] 
The mass splitting in Eq. (2.2) breaks custodial symmetry and generates a correction to thê T parameter at loop level. In the limit of small relative splitting the size of the contribution can be estimated noticing that λ H 2 represents a ∆I = 1 violation of custodial isospin. The leading correction toT is thus of the order
3)
The mass splitting between the states in the multiplet has to be larger than M W in order to reproduce the signal through resonant production of Φ. Furthermore the lowest lying state in the multiplet must have a mass around 150 GeV to reproduce the shape of the di-jet peak observed by the CDF collaboration. With these inputs the right-hand side of Eq. (2.3) is too big to be acceptable. A careful evaluation ofT , which is by the way needed due to the large relative mass splitting inside the multiplet, confirms this (see Appendix A). An alternative way to reproduce the signal while avoiding the above problems withT is to introduce two states Φ 1 and Φ 2 , the first heavier than the second, which belongs to different SU (2) L representations before EWSB and are mixed after. The mixing is introduced by couplings to the Higgs doublet which, at the renormalizable level, can be either cubic or quartic. The flavor and color quantum numbers of the new state are fixed to be the same of the old one.
The possible SU (2) L × U (1) Y representations can be catalogued in a simple way. For cubic couplings the weak-isospin of the Φ 1 state has to be equal to I 2 ± due to the pseudo-real nature of the SU (2) representations.
In case quartic couplings are used, the Φ † 1 Φ 2 combination must couple to one of the three possible triplet combinations of two Higgs doublets (in order for any EWSB mass splitting to be generated). This means that the possible SU (2) L × U (1) Y assignments for Φ 1 are among the states with weak-isospin |I 2 − 1|,
This discussion immediately implies that cubic and quartic couplings mixing Φ 1 with Φ 2 cannot coexist. The spectrum of possible quantum numbers and couplings is still fairly wide. Some more or less motivated assumptions can be introduced. One is to require that no Zjj excess is generated at a comparable rate to the W jj one. This requires the Z boson to couple diagonally to the new states after mixing 3 . The necessary and sufficient condition for this to happen is to have mixing among states with the same hypercharge. This excludes cubic couplings with the Higgs doublet and forces the quartic couplings to be with the real triplet
Still various possibilities remain. The color adjoint representations may be dropped due to their larger size. The QU color singlet di-quarks have already been used in Ref. [19] to give a joint explanation of CDF and tt asymmetry anomaly, though using a smaller flavor group.
A compelling and minimal possibility which emerges from Tab. 2 and from the previous discussion is thus represented by a QQ di-quark with hypercharge −1/3 which is a triplet under the flavor, color and isospin groups. This state is assumed to mix with an isospin singlet with the same hypercharge, flavor and color. Notice that with this minimal choice for the state to mix with we automatically get rid of extra coupling of the electroweak singlet to the quarks.
The Lagrangian
We introduce two states 4 : T = (3, 3, 3) −1/3 and S = (3, 3, 1) −1/3 . To distinguish the SU (2) L components of T we adopt a matrix notation
All the flavor and color indices are suppressed and the lower indices on T are the electric charges of the different components of the SU (2) L triplet. T transforms under SU (2) L rotations as T → LT L † . Using the Weyl notation for spinors, the Lagrangian for T and S is written as follows
where the trace is over the weak-isospin indices 5 . All the other cubic and quartic couplings we have omitted in the Lagrangian (2.6) are not relevant to us as long as they lead to a stable ground state where color is not spontaneously broken. The mass spectrum is determined after EWSB by the mass matrix
Unless otherwise stated, we assume in the following that the λ 1,2,3 couplings are negligible 6 . With these specifications the model has 4 independent parameters, two masses (M T and M S ) and 2 couplings (λ and g Q ). The spectrum is determined by λ which mixes T −1/3 with S. T 2/3 and T −4/3 are mass eigenstates with mass M T while
where
The mass M S , which is unphysical, can be traded for the mass of the lightest state, which we assume to be S 2 , that is the di-jet invariant mass around which the CDF excess is observed. In the gauge basis we can expand the interaction with the quarks in order to show explicitly the coupling of every SU (2) L component
(2.9) When we rotate to the quarks mass basis the Cabibbo-Kobayashi-Maskawa (CKM) matrix enters in Eq. 2.9 through the substitution
(2.10) 5 When the flavor and color contractions are not completely obvious we indicate flavor indices with latin letters (e.g. i, l, . . .) and color ones with greek letters (e.g. α, β, . . .).
6 λ 1 and λ 2 contribute to theT parameter as explained in Section 2 and must be small. 
Constraints
There are two major constraints on the model. The first comes from the corrections to thê T parameter which are induced by the mixing of the triplet with the singlet. We give their detailed expression in Appendix A. A second relevant constraint comes from the direct search performed by the CDF collaboration in the di-jet final state [20] . The strongest limits are from the resonant production of the heavier scalar states 7 which then decay into a pair of jets. We show these two constraints in Fig. 2 . To draw the di-jet Tevatron exclusion we use the bound from Fig. 1a in Ref. [20] (which is calculated for resonant production and decay of a W vector boson) and we assume, conservatively, all the acceptances to be equal to 1. The Tevatron exclusion is reported in Fig. 3 . For the bound onT we use −3 · 10 −3 ≤T ≤ 3 · 10 −3
[21] neglecting the correlation withŜ, since the latter is vanishing in our model. We include in Fig. 2 the favored region in the (λ, g Q ) parameter space which explains the CDF excess for M jj = 150 GeV and M T = 300 GeV. This region is obtained reproducing the total number of observed leptons in 7.3 fb −1 of data 8 [3] (240±55 electrons and 158±45 muons), applying the cuts in Tab. 3. We estimate the acceptances corresponding to these cuts through a parton level analysis obtained implementing our model in MadGraph5 [22] . We show the results for the acceptances in Tab. 4 for different values of the relevant masses. The importance of experimental efficiencies, i.e. reconstruction efficiencies, cannot be overstated. To get a naïve idea of these efficiencies we follow the simple method discussed in Appendix B. Using the expected diboson events in the electron and muon samples from the analysis of Ref. [20] we extract e = 0.14, µ = 0.12.
The final number we use in Fig. 2 is thus
where A and are the geometrical acceptance and experimental efficiencies. The pp → W jj cross section needed to explain the signal is roughly 4 pb. As the plot shows a tension withT remains. If we allowT to be as big as 4 · 10 −3 , which could be motivated by an additional negative contribution coming from a heavy Higgs boson, then the 1σ region explaining the CDF excess becomes allowed. Since the contribution toT turns out to be positive the agreement of the model with the Electro-Weak Precision Tests (EWPT) could be improved with a heavier Higgs boson 9 . Notice that due to resonant production, the couplings 8 In the CDF analysis this number is the result of a gaussian fit to the excess. 9 An additional possibility that could be explored to ameliorate the tension withT is to mix the new scalar states through a coupling which violates custodial isospin by a smaller amount, ∆I = 1/2, so that in the small ∆M 2 /M 2 limit ∆T would be suppressed by a higher power of ∆M 2 /M 2 . This is realized for instance if the needed to explain the anomaly are small and perturbative. This implies, in particular, that the Yukawa coupling g Q stays perturbative up to very large scales despite the large matter content of the model 10 . We find that for values of M T slightly above 350 GeV we are unable to satisfy the EW constraints whilst explaining the CDF signal.
Flavor physics
The only sources of flavor violation in the model are the usual Yukawa matrices and the model respects the MFV hypothesis. This automatically guarantees the absence of tree-level Flavor Changing Neutral Currents (FCNC). This is shown switching off the interactions of the quarks with the T −1/3 components of the triplets and those with the W boson. The Lagrangian in Eq. (2.9) is then invariant under independent unitary rotations of both Q U and Q D if one rotates at the same time also T 2/3 and T −4/3 . Such suppression of tree-level FCNC appears generically if the di-quark couples antisymmetrically in flavor space [16, 18] . This happens since at the 2 generation level, its couplings are proportional to the SU (2) invariant tensor ij and they respect an accidental SU (2) flavor symmetry. This accidental symmetry is however not enough to suppress loop-induced FCNC as the one depicted in Fig. 4 , since the third generation can propagate in the loop 11 . Enforcing MFV through the Lagrangian in Eq. (2.9), provides a GIM mechanism which guarantees the diagram in Fig. 4 to be null for vanishing quark masses. Considering for instance the contribution to the K-K mixing Hamiltonian, one generates the operator
with a coefficient which is given by (at leading order in m 2 t /M 2 T and neglecting the mixing with the singlet)
This contribution is completely safe if compared with the current experimental bounds (see Tab. IV of Ref. [23] ). Notice in particular that no extra sources of CP violation arise from triplet mixes with a doublet through a cubic coupling with the Higgs boson. Since the hypercharge of the mixed states cannot be the same this possibility generically introduces a non vanishing Φ 1 → Φ 2 Z branching ratio. 10 The running of g Q is determined by dg Q /d log µ = g 3 Q /2π 2 . Only wave-function renormalization contribute to the running of g Q . 11 Single scalar exchange boxes vanish.
g Q or λ, since complex phases in these couplings can always be reabsorbed through a field redefinition of T and S. Similar considerations apply to B d -B d and B s -B s transitions. Other flavor constraints arise considering ∆B = 1 transitions, either at tree-level or at 1-loop order. Starting with the former, due to the flavor symmetry, the only interesting effects come from the exchange of the charge −1/3 mass eigenstates. This are incorporated in an effective Hamiltonian which in the quark mass basis looks like
The simplest requirement is to ask the total b quark width not to exceed the measured one. Taking τ b = (1.64 ± 0.01) · 10 −12 s as a rough average of the various B meson lifetimes, one gets that the relative New Physics (NP) contribution to the b width ∆Γ b /Γ must not exceed ∼ 1%. Computing ∆Γ b using Eq. (3.6) one gets
to be compared with the naive b quark width to get
This never constitutes a problem for the parameter range of interest. Other less trivial checks come from |∆B| = |∆S| = 1 transitions such as B → φ s K or B → J/ψK. We will follow the recent analysis of similar constraints contained in Ref. [18] . We assume the NP contributions to the Wilson coefficients C J/ψ (m b ) and C φs (m b ) defined in Eq. 16,17 of Ref. [25] not to exceed 10% of their SM value. The boundary value at the scale M 1 ≈ M 2 ≈ M W of these coefficients is read from Eq. (3.6). Assuming for simplicity θ T = 0 we get
which are not particularly severe constraints on the parameter space of the model. As a last check one can calculate the contributions to the b → sγ branching ratio, which is induced by penguin diagrams with T −1/3 circulating in the loop. Here we report the expression for the Wilson coefficient δC 7 (M W ) defined by the effective Hamiltonian
12 We used the Fierz identity [24] 2(χ †
being χ i and Ψ i a Weyl and Dirac spinors respectively, related by
The experimental bound is δC 7 (m W ) 0.1 [26] . We neglect the running from the mass of the scalar to m W and we assume no mixing between the singlet and the triplet. We obtain, for m t /M T 1,
which is completely safe.
Modification of the Higgs boson couplings
The scalar multiplets introduced to explain the CDF excess have the peculiar couplings to the Higgs boson described by the interactions in Eq. (2.6). At the one-loop level these interactions will introduce a coupling of the SM Higgs boson to gluons and photons similarly to what happens for the top quark. In the m h M T,S limit the leading effect is a contribution to the hG a µν G aµν , hF µν F µν operators. The former is relevant for the Higgs boson production cross section, while the second influences its decay width into photons.
The calculation of these effects goes as follows [27] . Consider a matter multiplet of mass M , made of scalars or fermions, such that m h M . The leading dependence of the low energy effective action on the Higgs field comes, in this limit, from the Higgs dependence of the M threshold in the running of the QCD (QED) gauge coupling. In terms of its UV value, the coupling constant at a low scale µ is given by
where M (h) 2 has to be understood as the mass matrix in the h background with the logarithm defined accordingly. The structure of the hGG coupling in the canonical basis follows from Eq. (3.13)
A complex scalar (Dirac fermion) in a representation R contributes to b 2 − b 1 as 1/3 (4/3)C(R) where C(R) is the Dynkin index of the representation. Using the mass matrix in Eq. (2.6) the calculation is straightforward. We drop for simplicity all the quartic couplings except the one proportional to λ (which is the one relevant to explain the CDF anomaly). We express the result as the ratio δA gg(γγ) /A SM gg(γγ) where A gg(γγ) is the coefficient of the operator (h/v)GG (F F ) either in the SM on in the model we are proposing 
LHC phenomenology
The new scalar particles we introduced to explain the CDF W jj anomaly are expected to give a signal at the LHC. We find the most interesting topologies to be the single production of the heavy scalar decaying to a W jj final state and the QCD pair production of the scalars followed by decays into 4j, W + 4j and 2W + 4j final states.
We will analyze the resonant production in the next paragraph. For the QCD pair production rate, some order of magnitude estimate of the signal cross section can be obtained from the two panels of Fig. 5 .
Recently the ATLAS Collaboration has performed a search for colored scalars in the 4j final state with an integrated luminosity of 34 pb −1 [28] . The bound applies to scalars with a mass ranging from 100 to 200 GeV. Assuming equal signal acceptances we can use the ATLAS result to estimate the experimental sensitivity to the pair production of the lightest scalar states in the model.
From Fig. 3 of Ref. [28] the 95% CL upper bound on the QCD pair production cross section times the BR is ∼ 3 · 10 5 fb for a 150 GeV scalar. This experimental value has to be compared with the total production cross section of three color triplet scalar of 150 GeV mass decaying only to jets. This number is obtained from Fig. 5 , and is roughly 9 · 10 4 fb. Assuming the experimental sensitivity to scale like 1/ √ L, a ten times bigger luminosity, roughly 0.4 fb −1 , is required by ATLAS to exclude the model at the 95% CL. Such integrated luminosity is already available to the collaboration.
For what concerns the heavy scalars, from Fig. 5 we see that a single color triplet of 300 GeV mass is QCD pair produced with a cross section around 550 fb. To get a 4j signal we can sum the cross section of all the 9 heavier scalars which we assume to be degenerate. Adopting an average 75% BR into di-jets, the total 4j signal is slightly above 2.5 pb. The signal for di-quark pair productions into a 4j final state has been studied in Ref. [29] where it was shown that a signal of a 400 GeV di-quark (with unit BR into jets) can emerge from the SM background even with 1 fb −1 of integrated luminosity (see Fig. 4 of Ref. [29] ). We expect the signal of a lighter scalar di-quark, but with a smaller BR into jets, to emerge with a comparable statistics.
Slightly softer cuts should be applied on the jet p T in order to optimize the signal acceptance in this case, due to the smaller scalar mass.
If W bosons are required in the signal, only 6 states are allowed to be pair produced (namely the 3 flavor of the charge −4/3 and 2/3 scalars). Assuming again a degenerate 300 GeV scalar multiplet and an average 75% BR into jets, the W + 4j and the 2W + 4j signals are respectively around 1.3 pb and 0.2 pb. Without b-tagging top quark production associated with jets is a large irreducible background to both signals. We find in particular that tt and tt + jj amounts respectively to 90 pb and 48 pb at the LHC with √ s = 7 TeV 13 . Given the discouraging appearance of these numbers further studies regarding the relevance of b-tagging or the existence of taylored cuts to reduce the relative importance of the background are required to say whether these channels are of any relevance for the next year of the LHC.
W jj final state at the LHC
As a direct test of the model as a possible explanation of the CDF anomaly, the existence of the new scalar particles can be observed at the LHC in the same channel used by the CDF experiment at the Tevatron, looking for an excess of events in the di-jet invariant mass region between 120 and 160 GeV. We perform a pure statistical analysis, without any attempt to take into account systematic uncertainties or detector effects. Our analysis is done at parton level. In order to give an idea of the feasibility of this search, we discuss not only the significance of the signal, but also the signal over background ratio, which is of fundamental importance when the background has large systematic uncertainties as in the case of the QCD W jj background. We write the signal significance and the signal over background ratio as
where σ i , A i and i , i = signal,SM are the total cross sections, the kinematic acceptances and the detector efficiencies for the νjj final state, coming respectively from the signal and from the SM background. L is the integrated luminosity. The kinematic acceptance corresponds to the cuts of Table 3 plus a cut on the invariant mass of the two jets 120 < M jj < 160 GeV. Assuming the efficiencies of the signal and the background to be the same we can simplify the expressions (4.1) to
The SM background for our kinematic requirements has been computed using MadGraph5 and is We take as the reference kinematic acceptance for the signal the one for M T = 300 GeV and M S 1 = 150 GeV, which is, for the LHC with √ s = 7 TeV, A signal = 0.47. This acceptance is slightly below the corresponding value obtained at the Tevatron for the same masses (see Table  4 ) due to the different c.o.m. energy. We expect, at the LHC, the kinematic acceptance to change for different values of the masses of the mother and the daughter resonances in a similar way to that described by Table 4 for the Tevatron. To be conservative we assume a relatively small value for the detector efficiencies at the LHC (of the same order of the CDF one), namely = 0.1 both for the electrons and the muons. We can therefore define the minimum signal cross section which is expected to give rise to a 5σ (3σ) discovery with a given integrated luminosity L as
with and expected minimum signal over background ratio
where we substituted BR(W → lν) ≈ 0.22 for l = e, µ and BR(S 2 → jj) ≈ 1. The total cross section (4.4), which is the minimum cross section required to have a signal significance of 5 (3) standard deviations, can be converted in allowed regions in the (λ, g Q ) plane as a function of the integrated luminosity L as shown in Fig. 6 . This superficial (and optimistic) analysis shows that a 5σ signal significance can be attained at the end of 2012 (where the predicted total integrated luminosity is around 20 fb −1 ) only allowing some extra negative contribution to theT parameter (e.g. from an heavy Higgs).
Conclusions
We discussed a model which can explain the excess of events observed by the CDF experiment in the W jj channel. The model introduces 3 families of scalar fields, each family made of 2 color triplet SU (2) L representations: a singlet and a triplet. The EW triplets have Yukawa couplings to the left-handed quark fields. Their T 3 = 0 components are split from the others through a mixing with the singlets. The CDF signal is reproduced through the resonant production of the heavier un-mixed states which then decay into the lightest, mostly singlet, component through the emission of a W boson. Flavor bounds are avoided implementing a global U (3)
3 flavor symmetry explicitly broken only by the SM Yukawa interactions. In the region of the parameter space where the CDF excess is reproduced we find a mild tension with theT parameter. This could in principle be softened by some extra negative contribution toT coming for instance from a heavy Higgs boson with a somewhat reduced production cross section.
The re-discovery of the signal within the first run of the LHC (7 TeV, 20 fb −1 , end 2012) may be challenging. The most promising signatures are the same W jj signal observed by CDF along with the 4j one resulting from QCD pair production of the new scalars followed by their hadronic decay. The latter become the most relevant one in case of a light Higgs boson and no extra negative contribution toT .
B CDF efficiency
We want to compare our model with the CDF excess without doing any collider simulation. Thus we have to extract from the CDF data their detector efficiencies for electron and muon identification. We make a distinction between geometrical/kinematical acceptances and detection efficiencies. The firsts are due to the cuts in Tab. 3 while the seconds to detector effects. Several naïve approximations are made assuming that these two effects can be disentangled. For instance we assume the first to be independent of the nature of the lepton, and the second not to depend at all on the process under exam. To extract the efficiencies we use the data in Ref. [1] for the expected number of di-boson events [30] . These numbers have been computed from the numbers of observed events and the ratios of the observed over expected events for the electron and muon samples given in Table 1 
